Membrane-bound pyrophosphatases (mPPases) are homodimeric integral membrane proteins that hydrolyse pyrophosphate into orthophosphates coupled to the active transport of protons or sodium ions across membranes. They occur in bacteria, archaea, plants, and protist parasites. As they are essential in protist parasites and there are no homologous proteins in animals and humans, these enzymes represent an excellent drug target for treating protistal diseases. Experimental screening to find drug candidates is an important step to discover new hit compounds. For that, a cheap, simple, and robust assay is needed. Here we report the application of the molybdenum blue reaction method for a medium throughput microplate activity assay of the hyperthermophilic bacterium Thermotoga maritima mPPase and the possible application of the assay to screen inhibitors of membrane-bound pyrophosphatases.
Introduction
Inorganic pyrophosphate (PP i ) is the by-product of diverse cellular reactions within the cell, such as polynucleotide synthesis and lipid metabolism. Inside the cell, the level of PP i is controlled by inorganic pyrophosphatases (PPase), 1,2 enzymes that cleave the phosphoanhydride bond of pyrophosphate into two orthophosphates. There are two types of PPases, soluble PPases (sPPases) and membrane bound PPases (mPPases). sPPases have been studied from many different sources, and their structures and functions have been studied extensively.
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Membrane-bound pyrophosphatases (mPPases) are homodimeric integral membrane proteins that hydrolyse pyrophosphate into orthophosphate and couple this to the active transport of protons or sodium ion across membranes. mPPases were rst discovered in photosynthetic bacteria and plants. 7 Later it was shown that these enzymes occurred in all kingdoms of life except animalia and fungi. 7 In bacteria, mPPases localise in the inner membrane and in acidocalcisome-like organelles. 8 In plants, these proteins mainly reside in the vacuolar membranes and are important for plant growth under stress environments, [9] [10] [11] [12] while in protist parasites, such as Plasmodium spp., Toxoplasma spp., Trypanosoma spp., and Leishmania spp., mPPases localise mostly though not exclusively to the acidocalcisome, 13 a vesicle rich in calcium, phosphorus, and magnesium. In these parasites, mPPases are important for maintaining the acidity of the acidocalcisome and its functions for osmoregulation upon passage of the parasite from the insect vector to the mammalian host.
14 It has been shown that knocking out mPPase expression in T. gondii produced parasite cells more sensitive to extracellular environments that make them avirulent in mice.
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As they are essential in protist parasites and because they have no homologous proteins in multicellular organisms, mPPases may be an excellent potential drug target for protistal diseases. 16 For that, a simple, cheap, and sensitive method to determine the reaction product of mPPases is needed to screen drug candidates. Several methods have been reported for determining the phosphate released from the enzymatic reaction of pyrophosphatase, including colourimetric, 17-21 uoro-metric, 22, 23 enzymatic, [24] [25] [26] and radiolabeling 27 methods. Each method has its drawbacks and advantages. The colourimetric method based on the molybdenum blue reaction, rst developed by Fiske and Subbarow, 17 is the most commonly used. This method involves the formation of 12-phosphomolybdic acid (PMA) from orthophosphate and molybdate under acid conditions, which is then reduced to a dark blue colour of phosphomolybdenum species. 28 Here we explore the use of the colourimetric molybdenum blue method for medium to high throughput analysis of the activity of the hyperthermophilic bacterium T. maritima mPPase (TmPPase) as a model system.
TmPPase is a sodium pumping mPPase and has maximum activity in the presence of millimolar concentrations of sodium and potassium ions at 71 C. 29, 30 
Reagent preparation
Solution A + B. Solution A was made by dissolving 0.3 g of ascorbic acid into 10 mL of cold 0.5 M HCl and solution B was made by dissolving 70 mg of ammonium heptamolybdate in cold milli-Q water. Both solutions were kept on ice for at least 30 min before using. Before the assay, both solutions were mixed to generate solution A + B, which has a yellow colour. This solution was kept on ice and was stable for 3 hours.
Arsenite-citrate solution. 5 g of sodium arsenite and 5 g of trisodium citrate dihydrate were dissolved in 100 mL of milli-Q water. Then, 5 mL of iced-acetic acid was added to the solution and lled up to 250 mL with milli-Q water. The solution is stable for over a year stored at room temperature in the dark.
Protein reactivation. TmPPase expression and purication are described elsewhere. 30 For protein reactivation, 40 mL of 30 mg mL À1 liposome (soybean lecithin) was mixed with 22.5 mL 20% dodecyl maltoside (DDM) (Melford) and incubated at 55 C for 15 minutes. Aer the protein solution had cooled to RT, 36.5 mL of reactivation buffer (20 mM MES pH 6.5, 3.5% glycerol, 0.05% DDM, 2 mM DTT) was added. Finally, one microliter of 13 mg mL À1 of pure protein sample was added to the solution and mixed.
Assay
The protocol is illustrated in Fig. 1 . 40 mL reaction mixture per well containing 75 mM Tris-HCl pH 8.0, 3 mM MgCl 2 , 125 mM KCl, 25 mM NaCl, and 0.2 mL of reactivated TmPPase 30 were added to PCR tube strips (8 tubes for each strip) using a multichannel pipette and sealed with an adhesive sealing sheet (Thermo Scientic). Then, the sealing sheet was cut to separate each strip. The samples were then preincubated for 5 minutes at 71 C on a 96-well heating block with a 20 second interval between each strip for ease of performing the subsequent steps. Aer incubation, 10 mL of 2 mM sodium pyrophosphate was added to each tube, mixed, and incubated for 1-10 minutes. The reaction was stopped by putting each strip on the cooling apparatus for 10 minutes. The cooling apparatus was made by placing a 96-well PCR plate (Bio-Rad) on a polystyrene Petri dish (size 150 mm Â 15 mm) (Sigma) lled with water and then frozen for 1 h. Aer 5 minutes of cooling, strips were centrifuged briey to collect the condensed moisture below the sealing sheet, put back onto the cooling apparatus, and the sealing sheets were removed. Aer 10 minutes of cooling, 60 mL of solution A + B was added to each tube and they were then incubated for 10 minutes. Finally, 90 mL of sodium arsenite solution was added, incubated at room temperature for at least 30 minutes to reach stable colour production, and then transferred into the clear PS microplate 96 wells (Thermo Scientic) with a multichannel pipette. The absorbance was measured at 860 nm using MultiSkan Go (Thermo Scientic). For standard calibration, 50 mL of reaction mixtures containing 0-800 mM of P i were tested. A reaction mixture with no P i added was used as a blank. All measurements were done in triplicate. Analysis and regression were performed with Prism 6 soware (GraphPad Soware, San Diego, CA).
Results and discussion

Method development
In drug development projects, experimental screening is an important step to discover new hit compounds. For that, a cheap, simple, and robust assay is needed. Here we explore the viability of a colourimetric method based on the molybdenum blue reaction for a medium throughput assay to determine the activity of TmPPase. We adapted the existing protocol 30,33 for mPPase activity assays to a 96 well format using twelve PCR tubes strips (Fig. 1) . We chose the molybdenum blue assay of Baginski et al. 34 over a similar assay from Heinonen and Lahti
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and the malachite-green assay 21 because it is 2-fold more sensitive than the former and, unlike the latter, it does not show interference in the presence of high concentrations of phospholipid (data not shown), which we need for the activity of our enzyme (see below). Thus, even though the malachite green assay would be 10-fold more sensitive 21 than the Baginski assay 34 it is impractical for our purposes. The reaction volume for each tube is 50 mL, which consists of 40 mL of reaction buffer containing enzyme and 10 mL of substrate (PP i ). We used the optimal temperature of TmPPase activity (71 C) 30 for the reaction condition in a 96 well heating block. During initial testing, loss of solution because of evaporation led to poorly reproducible results. Sealing the tubes with capping strips did not help due to the difficulty in the closing and opening the caps during the assay, which leads to delays in the timing. We solved this problem by using an adhesive sealing sheet which we cut to t the tube strips. With this sealing, we can rapidly open and close the tube strips during the assay. In the assay, 40 mL of reaction mixtures (reactivated enzyme in the reaction buffer) were incubated in the heating block for 5 minutes to raise the temperature of the reaction mixture to 71 C. Aer the addition of 10 mL of PP i , the reaction mixture was incubated at 71 C for 1-10 minutes for the enzymatic reaction. The reaction was stopped by putting the strip tubes onto the 96-well cooling apparatus for 10 minutes. During this time, strips were spun down briey to collect the any water vapour that had condensed on the sealing sheet, thus minimising the differences in the reaction volumes in each tube. Aer enzyme inactivation, 60 mL of solution A + B (see above) was added to the reaction mixture to determine the amount of phosphate produced according to the method of Baginski and coworkers. 34 The addition of solution A + B generates a dark blue colour that appears immediately and develops over a 10 minute time on the cooling apparatus (0 C). Incubation at 0 C prevents acid-catalysed hydrolysis compared to incubation at room temperature. 35 Solution A and B cannot be added individually to the reaction mixture because it produces colour inconsistency and lowers the intensity of the nal product.
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Subsequent addition of 90 mL of the arsenic-citrate solution to the reaction mixture at room temperature was used to stabilise the dark blue solution, which has absorption maxima at 709 nm and 860 nm (Fig. 2 ). Arsenite appears to enhance the colour formation while citrate complexes excess molybdate in the solution, 34 thus inhibiting further colour development due to any phosphate liberated by non-enzymatic PP i cleavage. 35 For P i determination, we measured at 860 nm based on the observation of He & Honeycutt 37 that measurement at longer wavelengths increased the detection limit and sensitivity. We observed that, at 860 nm, the blue colour developed within 30 minutes of incubation at room temperature and was stable for at least ve hours (Fig. 3) .
The molybdenum blue assay we use is sensitive to interference from $1 mM MgCl 2 , $5 mM EDTA and $20% glycerol 38 and high concentrations of phosphoryl compounds (2-10 mM PP i , ATP, b-glycerophosphate and p-nitrophenylphosphate). 35 As the assay conditions that we employ do not require interfering concentrations of these reagents, the assay is well suited for our purposes.
The activity of Thermotoga maritima mPPase
To test the method, we determined the activity of TmPPase, a thermophilic mPPase from T. maritima and its inhibition by known inhibitors. We used this enzyme because it can be easily produced and puried, has good stability, high specic activity, and also has a conserved catalytic region with other mPPases including the parasite homologs. TmPPase expression and purication have been previously described. 30 Before use, the pure protein was reactivated with 4.52% DDM and 12 mg mL À1 soybean lecithin. Based on the calibration curve (Fig. 4) , the lower and the upper limit of the assay were 10 mM and 800 mM of P i , respectively. Aer 24 hours, the absorbance maxima of the calibration solutions decreased by 10%, but were still linear over the range tested (data not shown). Based on this method, TmPPase has higher specic activity (140.7 AE 7.01 mmol P i per mg per min) compared to our previously reported values (20 mmol P i per mg per min), which used 0.015% DDM and 0.12 mg mL À1 soybean lecithin for reactivation.
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In the initial testing, we tested reaction times from 1-10 minutes (Fig. 5) . As the phosphate release as a function of time was linearly correlated in the tested time range, we chose 5 minutes as a suitable reaction time for high-throughput screening. This was because the absorbance of the phosphate released was in this case in the mid-range of the calibration standard (Fig. 4) , which also makes the concentration of the phosphate suitable for the assay. To test the accuracy of this assay we carried out measurements on ve different plates on three different days and calculated a Z 0 -factor 39 of 0.736 for the assay, which indicates that the 5 minute incubation is sufficient for reliable screening.
We (Fig. 6 ).
Even though uoride did not inhibit the TmPPase activity at low concentration, at higher concentration it inhibited with log IC 50 of 3.66 AE 0.008 (IC 50 ¼ 4.6 mM) (Fig. 6 ). This is probably due the sequestering of Mg 2+ ion by F À from the reaction mixture and enzyme active site to form MgF 2 . This result is similar with the uoride inhibition of mPPase from R. rubrum and V. radiata with the K i values of 4.8 and 3.4 mM, respectively.
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For experimental screening of mPPase inhibitors, target compounds are usually dissolved in organic solvents such as DMSO or ethanol. To check whether either organic solvent inhibits TmPPase activity, we performed the same assay as before. DMSO and ethanol inhibited the TmPPase activity at very high concentration with log IC 50 of 2.85 AE 0.014 (IC 50 ¼ 709 mM) and 2.88 AE 0.015 (IC 50 ¼ 766 mM), respectively (Fig. 7) . Even though both solvents have similar IC 50 , DMSO did not affect the TmPPase activity at 100 mM concentration, while ethanol decreased the activity to about 92%. Therefore, DMSO is a better solvent for target compounds when screening mPPase inhibitors.
Conclusions
In conclusion, we have shown that the molybdenum blue method can be applied for medium-throughput (96 well plate) assay of TmPPase activity at high temperature. The assay is a simple, cheap, and sensitive way to determine the amount of phosphate released from the reaction. The colour developed by this method is also stable for at least 12 hours, so there is no need to measure the absorbance at the same time as the assay is being performed. The method can be further miniaturised for a 384-well plate assay, especially for testing mesophilic mPPases, which have optimal activity at ambient temperature. In this case sealing during the reaction to prevent evaporation should not be necessary. We are currently using this method to screen libraries to nd drug candidates against various parasitic diseases.
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